relation (-0.018±0.009 versus -0.030+0.010 rad/cm, p =0.0015). Peak rate of untwist was not affected. With resolution of rejection, Meariy dia and percent untwist during early diastole returned to baseline levels (p=NS versus baseline). There was also a trend for Mmid-dia to return toward prerejection values (p=NS versus baseline), but this change did not reach statistical significance compared with rejection values.
Conclusion. Acute cardiac allograft rejection is associated with altered diastolic twist mechanics in the absence of any demonstratable systolic abnormalities. During rejection, myocardial edema and other factors may result in intrinsic changes of the elastic properties of the myocardium, thereby leading to modification of recoil forces responsible for the early, rapid unwinding of the deformed ventricle. (Circulation 1991; 83:962-973) Anatomical studies have confirmed that the orisubendocardium.-4 Contraction of the obliquely oriAl entation of left ventricular (LV) fibers ented fibers results in a counterclockwise twist of the .Lk changes smoothly from a left-handed helix in apex with respect to the base during systole (as the subepicardium to a right-handed helix in the viewed from apex) of the left ventricle about its long axis.5-9 During systole, global LV twist is linearly related to mean chamber fractional radial shortening in canine hearts.'0 This relation, however, is more complex during diastole, when there is early, rapid recoil with little change in chamber dimension, followed by a more gradual untwisting when the bulk of diastolic filling occurs.'0 Using magnetic resonance imaging (MRI) radiofrequency-tagging techniques, 50% of LV untwisting was estimated to occur during isovolumic relaxation in normal dogs." Our group has demonstrated that acute human cardiac allograft rejection is accompanied by small but statistically significant decreases in torsional deformation and peak systolic torsion rate of the maximally deforming myocardial radiopaque marker7; the peak diastolic recoil rate of this particularmarker, however, did not change. On the other hand, Doppler echocardiographic'2-16 and MRI17 data indicated that acute cardiac rejection results in abnormal early LV diastolic dynamics, without measurable alterations in systolic function. The purpose of the present study was to assess the effects of a reversible myocardial injury -acute cardiac rejection-on the global LV twist pattern and the twist-volume contraction relation using surgically implanted myocardial markers.
Methods

Patients
Fifteen orthotopic cardiac transplantation patients were studied from December 1984 through January 1986 and between March and October 1988. Mean patient age was 43+±13 (±+1 SD) years. Informed consent was obtained for implantation of intramyocardial markers at the time of cardiac transplantation and for subsequent radiographic studies in accordance with the requirements of the Stanford University Medical Center Committee on the Use of Human Subjects in Research. No complications resulted from the implantation of markers or the subsequent cinefluoroscopic investigations. Myocardial Marker Implantation
As previously described,67 12 tantalum radiopaque helices (0.8x2.2 mm) were inserted into the LV midwall to a depth of approximately 5 mm from the epicardial surface using a specially designed insertor tool. Three markers were positioned in the anterior wall along the left anterior descending coronary artery, one at the apex and three along the posterior descending artery in the inferior LV wall. Three lateral wall markers were implanted midway between the anterior and posterior markers along the obtuse margin, and two additional markers were inserted into the interventricular septum at the basal and midventricular levels via the tricuspid valve. The apical septum was not easily accessible. Two 1 x 5-mm stainless-steel surgical clips were attached to the adventitia of the aortic root such that the position of the aortic valve could be extrapolated. In this manner, these markers silhouetted the left ventricle as viewed in the 300 right anterior oblique (RAO) and 60°left anterior oblique (LAO) projections.
Postoperative Management
All patients received standard triple-drug immunosuppressive therapy with cyclosporine A, azathioprine, and prednisone; beginning in 1988, prophylactic OKT-3 was also added to the regimen for 2 weeks. The dose of cyclosporine A was adjusted to maintain a trough serum level between 100 and 200 ng/ml. Surveillance of cardiac rejection was based on right ventricular endomyocardial biopsies, which were performed weekly during the first postoperative month, every other week for the next 4-6 weeks, and then monthly for the subsequent 2-3 months. The biopsies were graded according to Billingham's classification. 18 No evidence of rejection was defined as the absence of cellular infiltrate or myocyte necrosis; mild rejection reflected cellular infiltration without myocyte necrosis; moderate rejection demonstrated cellular infiltrate with myocyte necrosis; and severe rejection was accompanied by myocardial hemorrhage. Moderate and severe rejections were treated with pulse methylprednisolone therapy (1 g/day i.v. for 3 days) with biopsies performed weekly until complete resolution of the rejection episode. Management of persistent rejection consisted of a repeat course of methylprednisolone followed by rabbit antithymocyte globulin or OKT-3, if necessary.
Experimental Protocol
On a prospective basis, biplane cineradiographic studies were performed approximately once a week between 41 and 143 days after transplantation. Results were classified into one of three conditions based on histopathological biopsy findings: prerejection, acute rejection with myocyte necrosis (rejection), and complete resolution of rejection (postrejection). All studies performed within 3 days before or after a biopsy indicating acute rejection were included in the rejection group. Data obtained during mild rejection (which did not require specific treatment) were excluded from analysis; experimental parameters from these studies were not statistically different from prerejection values. Only 10 of the 15 patients had a rejection episode that required intensified immunosuppressive therapy during this time period. In two patients, studies were performed before, during, and after a second rejection episode; another patient also had a third episode of rejection. However, because these subsequent rejection episodes were not necessarily independent events, analysis was restricted to the first rejection episode for each patient. Thus, data from a total of 10 rejection episodes in 10 Cartesian coordinates (x,y,z) were first trans-APEX FIGURE 1. Schematic of intemal reference system for computation of marker rotation about the long axis defined by the line segment passing through the apical marker and bisecting the chord connecting the anterobasal and posterobasal markers. Counterclockwise circumferential rotational angle change at time t [0(t)] relative to end diastole (ED), as viewed from apex to base, was considered positive. Global twist describes the longitudinal gradient of 0i(t) for all markers.
formed into a local cylindrical coordinate (r, 0,z) system. To measure LV twist with respect to the base, marker coordinates underwent translation and rotation in each frame such that the midpoint of the chord connecting the anterobasal and posterobasal markers was positioned at the origin and the long axis (defined as a line passing through the origin and the apical marker) was aligned with the z axis. For each marker, the circumferential rotational angle change [0(t)] relative to end diastole was computed on a frame-by-frame basis ( Figure 1) ; positive angle change was defined as a counterclockwise rotation as viewed from the apex. For each frame, this rotational angle change was plotted as function of the distance (cm) of each marker from the apical marker along the LV long axis. At any given time, instantaneous chamber twist was defined as the average longitudinal gradient of circumferential rotation (rad/cm) (i.e., the slope of the linear regression of individual marker rotation [0i(t)] versus longitudinal distance from the apex [Zapex Zi]). Figure 2 illustrates calculation of LV chamber twist at end systole: The circumferential rotation of each marker relative to its end-diastolic position was plotted versus its distance along the z axis from the apex. In this example, the end-systolic twist (represented by the slope) was -0.039 rad/cm (r=0.929, SEM=0.005 rad/cm, 90% confidence limits=-0.051 to -0.027 rad/cm, p <0.0001). Negative twist indicates counterclockwise twisting of the apex with respect to the base (as viewed from the apex). Twist data (with respect to time) were smoothed using a running three-point average. Maximum twist (Tm,), defined as the maximum amplitude of negative LV twist, and the time (Figure 3, top panel) . Table 4 . Although there was a trend toward higher heart rates and lower EFs (due to relatively larger ESV) during rejection, these changes did not reach statistical significance. No significant differences were detected between the three conditions for these five variables.
Values are given as mean±SD.
The effect of rejection on LV twist is illustrated in Figure 5 . In this example, although rejection did not significantly affect the systolic twist pattern (Tmx decreased from 0.037 to 0.031 rad/cm and dT/dtmin changed negligibly), the rate of early diastolic untwist was markedly reduced, resulting in a prolongation of r112 (from 15% to 26%) and a reduction in dT/dtma, (from 0.34 to 0.20 rad/cm/sec). Successful treatment of rejection resulted in a return of these parameters toward prerejection values (71/2==22% and dT/dtmax=0.27 rad/cm/sec). Figure 6 graphically depicts these effects on the twist-normalized %EF relation in the same patient. In this case, rejection was associated with a 67% decrease in the slope during the early diastolic phase (from -0.147 to -0.049 rad/cm), a 28% decrease in untwisting during this period (from 74% to 53%), and a 46% increase in the slope during the middle to late diastolic phase (from -0.011 to -0.016 rad/cm). With resolution of rejection, these values returned toward baseline (Mearly dia =-0.146 rad/cm, Mmiddia =-0.010 rad/cm, percentage untwist during early filling=70%) in this patient. Figure 5 . Compared with prerejection (top panel), acute rejection (middle panel) was associated with a decrease in the slope during early diastole (B to C in Figure 3) . Consequently, the slope of the mid-diastolic relation increased with rejection. Resolution of rejection resulted in a return to prerejection diastolic twist dynamics (bottom panel (Table 7) . Because the average coefficient of variation for interstudy Mearly dia for all patients was 27%, a reduction of this magnitude was chosen as the threshold to define rejection. All 10 biopsies showing acute rejection with myocyte necrosis were detected using this criterion, yielding a sensitivity of 100%, a specificity of 95%, and an overal predictive accuracy of 92%.
Discussion
The results of the present study demonstrate that the LV twist-untwist pattern in human allografted hearts is similar to that reported previously in normal canine hearts.1( At the onset of systole, there is a small clockwise twist of the apex with respect to the base (as viewed from the apex). This may relate to the fact that the subendocardium is electrically activated first; because of the right-handed helical orientation of subendocardial myocytes,1-4 this produces clockwise LV twist.9 Soon thereafter, the nearly orthogonally oriented left-handed helix of subepicardial myocardial fibers becomes activated, causing a counterrotating torque and, consequently, counterclockwise LV twist. This systolic twisting motion is linearly related to ejection of blood ( Figure 4) . The relation between untwisting and LV filling during diastole was more complex. There was an initial, rapid clockwise untwist (recoil) associated with little chamber filling, which was followed by more gradual untwisting. The observation of Rademakers et al'1 that a small but significant degree of circumferential epicardial segment lengthening occurred during isovolumic relaxation may relate to this rapid LV untwisting during early diastole. The values of Tmax and slope of the twist-normalized %EF relation during various phases of the cardiac cycle in this study are consistent with those reported in dogs by other investigators. 10 Previously, our group reported that cardiac allograft rejection in humans was associated with a small (but significant) decrease in the maximum torsional deformation ("'Q,,,) and peak systolic torsion rate of the maximally deforming myocardial LV marker without measurable changes in peak diastolic recoil rate.7 It should be noted that in that study, five of 14 rejection episodes were associated with a decrease in Omaax of 10.5% or less, the mean interstudy coefficient of variation; thus, 36% of the positive (abnormal) studies could have been accounted for by random variation alone. In contrast, the results of the present study indicate that systolic LV twist did not change during rejection. Ongoing rejection is a diffuse process involving both left and right ventricles (personal communication, M.E. Billingham); furthermore, LV twist, as calculated by these marker data, should also be a global LV phenomenon. The regional heterogeneity of torsional systolic deformation previously reported using myocardial marker89 and MRI radiofrequency-tagging techniques2324 was reflected by the correlation coefficient of the twist regression used in this study, which was less than unity. Thus, focusing on a single maximally deforming marker to assess LV twist may increase the sensitivity of such being indicative of rejection, especially when the maximally deforming marker is not in a consistent apical myocardial location among patients. Moreover, detectable LV systolic dysfunction is a relatively late event during rejection,25-27 an observation that has been corroborated by recent echocardiographic studies.'31516 A decline in OmaxX however, is not incompatible with the fact that no change in Tmax was observed. It is possible that reduced chamber shortening during rejection can lower Omax without necessarily altering global LV twist (i.e., longitudinal gradient of circumferential rotation). Thus, 0m,ax, which does not assess interactions among various regions of the left ventricle, may not be an appropriate tool for detection of allograft rejection.
The current data indicate that rejection is more closely related to abnormal LV diastolic mechanics: Initial LV rapid recoil was markedly diminished. Although we previously found no consistent change in peak marker diastolic recoil rate,7 no other diastolic characteristics (in particular, torsion in relation to LV filling) were examined. As was seen in the case of single myocardial markers, the present findings confirm that the maximum overall untwist rate, dT/ dtmax, did not change during rejection; however, the overall untwist rate during the first 15% of diastolic filling was significantly lower, as reflected by the decrease (47%) in Mear,v dia (Table 5) . As a result, the degree of LV untwisting during this period decreased 42%, and _r112 was prolonged by 40%. The slope of the mid-diastolic LV twist-normalized %EF relation increased, probably as a consequence of the decreased LV untwist during early diastole. With resolution of rejection, all of these parameters reverted toward baseline values. Only Mearlydia and percent untwist during early filling, however, returned to prerejection levels. The persistent alterations in r1/2 and Mmid-dia may reflect residual changes in the viscoelastic properties of the myocardium, perhaps due to myocyte necrosis with subsequent myocardial fibrosis.
The full implications of initial diastolic rapid recoil of the left ventricle remain unclear; it may, however, be linked to the early diastolic LV suction effect demonstrated in canine28,29 and human30 hearts. During systole, fiber shortening stores energy in elastic elements, both within the myocardial fibers and in the extracellular collagen matrix. It has been suggested that initial LV untwist represents rapid release of this potential energy.10 Furthermore, the passive LV pressure-volume curve at the smallest LV volumes31 suggest that the energy released may generate large recoil forces that rapidly reduce LV pressure during early diastole. This, in turn, would lead to a larger atrioventricular pressure gradient and thereby augment early diastolic LV filling.28,29 '31 It has been suggested that such a higher filling rate may increase LV end-diastolic volume32 and thus enhance systolic function by the Frank-Starling mechanism. We therefore hypothesize that during acute allograft rejection, myocyte necrosis, cellular infiltration and edema, fibrosis, and possibly other factors alter the intrinsic elastic properties of the left ventricle. If these were to reduce either the spring constant, k, or the shortening, x, of an analogous compressed spring, less potential energy (kx2/2) could be stored at end systole, resulting in a loss of diastolic recoil forces responsible for the early, rapid unwinding of the deformed ventricle. Perturbation of this early, rapid LV untwisting not only would affect diastolic LV dynamics but also might have deleterious implications in terms of systolic LV mechanics.
Acute cardiac allograft rejection is characterized histologically by diffuse perivascular and interstitial infiltration of the myocardium with mononuclear cells.3334 This eventually becomes manifest as increased LV mass and wall thickness as measured by echocardiography,35-39 leading to decreased static compliance of the LV chamber. It follows that diastolic LV dysfunction may precede detectable systolic abnormalities, as indicated by the findings in the present study. Furthermore, echocardiographic Doppler assessment of acute rejection has demonstrated a significant reduction in isovolumic relaxation time12"14-16 and mitral valve pressure halftime.14-16 The shorter isovolumic relaxation time is thought to be a result of earlier mitral valve opening rather than of delayed aortic valve closure.1516 Although it has been suggested that this may be related to elevated left atrial pressure, it is possible that abnormal early LV diastolic untwisting, as measured in the present study, may alter papillary muscle geometry such that premature opening of the mitral valve occurs. Similarly, inhibition of rapid early LV diastolic recoil and consequent reduced diastolic suction may decrease the atrioventricular pressure gradient, thereby also shortening the pressure half-time.
Using a 27% decrease in Mearly dia as a criterion for the diagnosis of acute rejection, the calculated sensitivity, specificity, and predictive accuracy of this method are higher than those reported using echocardiography Doppler for isovolumic relaxation time1216 and pressure half-time.16 It should be noted, however, that Mearly dia decreased by only 9% during one of the subsequent (second) rejection episodes in the same patient. If all second and third rejection episodes were included in the analysis, the resulting sensitivity, specificity, and predictive accuracy would be slightly lower (93±7%, 89+5%, and 90±4%, respectively).
Limitations. Although these observations constitute the first detailed analysis of LV twist pattern and twist-volume change relation in the human heart, it should be acknowledged that these values may not represent those of normal human hearts. Preliminary investigations in our laboratory, however, indicate that nontransplanted human hearts (in patients without coronary or valvular heart disease) also demonstrate a similar LV twist pattern postoperatively; moreover, these results are consonant with those reported in normal dog hearts. 10 Global LV twist, a statistically derived mean gradient of circumferential rotation of markers in all LV walls, does not directly address the issue of regional heterogeneity of systolic torsional deformation. The measured data, however, were fairly uniform; although there was a large amount of intersubject variability in the computed parameters, the general pattern of LV twist throughout the cardiac cycle as well as the twist-%EF relation were consistent among patients. Furthermore, such regional differences in rotation about the long axis argue that a more general parameter (LV twist versus a single myocardial locus) be used to assess global phenomena such as acute allograft rejection.
Another potential limitation relates to the fact that the effects of recipient atrial contraction were not taken into account in interpreting these data. The influence of recipient atrial contraction on LV filling has been documented by invasive hemodynamic40 and echocardiographic41 studies. It is possible that early diastolic events may be influenced considerably by mechanical activity of the recipient atrium during late systole. This may be a source of some of the interstudy variability seen in our measurements. Evaluation of all studies at the time of an abnormal endomyocardial biopsy, however, revealed that the relation between LV twist and volume change during early diastole was different compared with baseline measurements in 10 of 10 such cases. Thus, our conclusions, based on repeated assessment in the same subjects, should be valid.
Finally, it should be noted that 15% LV filling was chosen to define the two phases of diastole based on the inflection point (15-20%) of the diastolic twistnormalized %EF curve. To ensure the validity of about the 15% LV filling to divide early and middle diastole was performed (e.g., 10% and 20%); the results of these analyses did not change the conclusions reported herein. Moreover, our choice of 15% LV filling is consonant with that reported in normal dogs10 and is corroborated by the consistently high correlations obtained for the two slopes of the diastolic twist-normalized %EF relation.
Summary
We have demonstrated that twisting of the human left ventricle about its long axis is a function of the phase of the cardiac cycle. With respect to chamber volume change, LV twist is linearly related to ejection during most of systole. In contrast, diastolic untwist can be characterized by early rapid recoil with little change in ventricular volume followed by slower untwisting during the remainder of diastolic filling. The initial rapid untwisting of the left ventricle may play an important role in the mechanical genesis of diastolic LV suction. In the course of acute cardiac allograft rejection, the amount of LV untwisting during early diastole decreased without any detectable alterations in systolic dynamics. This was reflected by a significant decrease in the slope of the early diastolic twist-normalized %EF relation. This type of analysis holds great promise due to the recent advent of MRI radiofrequency-tagging methods to noninvasively measure LV twist dynamics.24
